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SUMMARY 
The problem of manganese in water has become increas­
ingly important to the waterworks industry because it is a 
by-product of many of the large flood control and power de­
velopments that have been built in recent years. Manganese 
may dissolve in the lower layers of reservoirs during the 
period of the year that an anaerobic condition exists. Water 
used for power is commonly drawn from these layers and released 
into the river. Such water is objectionable to the consumer 
because the soluble manganese will form a dark brown precipi­
tate when oxidized. The brown precipitate stains plumbing, 
stains laundry, causes colored water, and interferes with in­
dustrial processes. Water plant removal of manganese is 
possible, but is difficult, expensive and often uncertain. 
The exact mechanism of solution of manganese in the 
hypolimnion of lakes is unknown. This phenomenon has been 
studied by many fields of science with the result that sev­
eral theories have been established. Experiments by bio­
chemists have shown that manganese can be used as a terminal 
hydrogen acceptor in biological systems and is reduced to 
manganous form as a result. Several sanitary engineers are 
of the opinion that the solution of manganese is due primar­
ily to the action of carbon dioxide and organic acids found 
on the floor of a reservoir as a result of biological activity. 
V! 
Limnologists have attributed pH the primary role in manganese 
solut i on. 
The objective of the present study was to determine 
if manganese could be reduced by sludge gas, independent of 
the sludge itself. Sludge was chosen because it produces 
gases of the same composition as are evolved from decaying 
organic matter in lake beds. The experiment was designed to 
show whether these gases were a possible cause of manganese 
solution. Since other experimenters believe the reduction 
of manganese to be part of biological systems, this variable 
was eliminated by isolating the sludge from the manganese. 
The experimental setup consisted of a digester connect­
ed to a diffusion tube containing water and reagent grade 
manganese dioxide. The diffusion tube was connected to a 
calibrated tube which measured gas by water displacement. 
In addition to gas, manganese and pH of the water were 
measured periodically. Controls using nitrogen, carbon di­
oxide and air were used. 
Results indicate manganese is readily reduced either 
by sludge gas or pure carbon dioxide. The theoretical ex­
planation of the reaction is not clear at the present time. 
No manganese was reduced even at artificially lowered pH by 
nitrogen or air. The results cannot be directly applied to 
lakes because a number of variables exist. 
Further study is needed to determine the mechanics 
of the reduction of manganese by carbon dioxide, and to 
vi i 
e l iminate some of the var iab les in th is experiment. Results 
ind ica te , however, that carbon dioxide as a bacter ia l by­
product may be a primary agent in the reduction of manganese 




The purpose of a water system is to provide consumers 
with a product which will meet their requirements. Consumers 
of water from a municipal water supply require a product which 
is potable, palatable, and free from annoying mineral content. 
Industrial water consumers may not necessarily require a 
potable water; however, such users do require a product which 
is free from mineral substances which will interfere with 
their processes. Therefore, high concentrations of calcium 
and magnesium, and low concentrations of iron and manganese, 
when present in municipal and industrial water supplies are 
commonly removed. 
Interest is directed toward the problem of manganese 
because the presence of manganese in waters in this area is 
becoming more prevalent (1). Manganese is one of the more 
objectionable elements commonly found in water and is one of 
the more difficult to successfully remove. Manganese is 
objectionable because, when oxidized, it forms a dark brown 
precipitate which imparts color to water, stains fixtures and 
stains laundry (2). It will impair industrial processes, 
particularly in textile bleaching, dyeing and finishing op­
erations, and in the production of medium and high grade 
paper (3). The United States Public Health Service (4) 
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recommends a c o m b i n e d maximum l i m i t o f 0 . 3 p a r t s p e r m i l l i o n 
o f i r o n a n d m a n g a n e s e i n w a t e r t o be u s e d f o r i n t e r s t a t e c o m ­
m e r c e . 
R e c e n t a d v a n c e s i n t h e w a t e r w o r k s i n d u s t r y s u c h a s 
p r e c h l o r i n a t i o n ( 2 ) and t h e u s e o f c o p p e r s u l p h a t e a s a 
c a t a l y s t ( 3 ) h a v e s i m p l i f i e d t h e r e m o v a l o f m a n g a n e s e f r o m 
w a t e r . H o w e v e r , t h e r e m o v a l p r o c e s s i s e x p e n s i v e a n d r e ­
q u i r e s c a r e f u l o p e r a t i o n . F u r t h e r m o r e , t h e o c c u r r e n c e o f 
m a n g a n e s e i n a w a t e r s u p p l y i s s e a s o n a l , u n e x p e c t e d and may 
a p p e a r a t a d i f f e r e n t t i m e e a c h y e a r , d e p e n d i n g on w e a t h e r 
c o n d i t i o n s o f t h e p r e c e d i n g w i n t e r ( 5 ) . ^ 
M a n g a n e s e i s m o s t p r e v a l e n t a n d c a n be e x p e c t e d 
s e a s o n a l l y i n w a t e r s u p p l i e s o b t a i n e d down s t r e a m f r o m l a r g e 
h y d r o - e l e c t r i c d e v e l o p m e n t s l o c a t e d i n c r y s t a l i n e r o c k a r e a s 
( 6 ) w h e r e s o i l s c o n t a i n m a n g a n e s e d i o x i d e . T h e p r e s e n c e o f 
s o l u b l e m a n g a n e s e i n t h e h y p o l i m n i o n i s due t o r e d u c t i o n o f 
m a n g a n e s e d i o x i d e i n t h e s o i l s t o d i v a l e n t m a n g a n e s e ( 1 ) . 
T h i s a l w a y s o c c u r s d u r i n g t h e w a r m e r m o n t h s o f t h e y e a r w h e n 
t h e h y p o l i m n i o n i s a n a e r o b i c . A n a e r o b i s i s i s due t o t h e 
a c t i o n o f b a c t e r i a o n o r g a n i c d e b r i s w h e n t h e r e s e r v o i r i s 
i n a s t r a t i f i e d c o n d i t i o n ( 1 ) . As t h e a m b i e n t t e m p e r a t u r e 
d e c r e a s e s i n t h e f a l l o f t h e y e a r t h e e p i l i m n i o n o f t h e r e ­
s e r v o i r becomes c o o l e r a n d d e n s e r t h a n t h e h y p o l i m n i o n , a n d 
t h e r e s e r v o i r " t u r n s o v e r " ( 6 ) , t h u s r e - o x y g e n a t i o n o f t h e 
l o w e r l e v e l s i s a c c o m p l i s h e d a n d t h e e n t i r e r e s e r v o i r 
^ E x c e r p t s g i v e n i n A p p e n d i x 
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becomes aerobic. There is another reservoir "turn over" in 
the spring due either to the melting of ice or wind action 
on the unstratified reservoir. The "turn over" is not as 
pronounced in Southern climates, and density currents from 
inflowing water may disturb the hypolimnion in some cases (7). 
Anaerobisis and the resultant reduction of manganese does 
not occur in the winter because of fall re-oxygenation of 
the reservoir, and low water temperatures which inhibit bio­
logical activity. 
The mechanism of the reduction of manganese dioxide 
has been studied by engineers, 1iranologists, biochemists, 
agronomists and others. The results of these studies ad­
vance several theories of manganese reduction. Quastel (8, 9) 
shows that such organic by-products of bacteria as cystiene 
may reduce manganese dioxide to form manganese oxide. Man­
ganese oxide, an insoluble compound, will then react with 
carbon dioxide to form soluble manganous carbonate. Quastel 
further shows that manganese dioxide may be used as a terminal 
hydrogen acceptor by anaerobic bacteria. This experimental 
work was conducted in the Warburg apparatus using an atmos­
phere of 93 per cent nitrogen and 7 per cent carbon dioxide. 
The amount of manganous carbonate produced was then measured 
by the carbon dioxide uptake. It is assumed that Quastel 
also analyzed the solution for soluble manganese. 8n this 
work the rate of carbon dioxide uptake was primarily used 
to measure the rate of manganese dioxide reduction. Ingols (1) 
a g r e e s t h a t m a n g a n e s e d i o x i d e m a y b e u s e d a s a h y d r o g e n a c ­
c e p t o r b y b a c t e r i a . H e h a s d e v e l o p e d t a b l e s s h o w i n g t h a t , 
u n d e r a n a e r o b i c c o n d i t i o n s , b a c t e r i a m a y u t i l i z e m a n g a n e s e 
d i o x i d e a s a h y d r o g e n a c c e p t o r t o g r e a t e r a d v a n t a g e t h a n 
s u l p h a t e s a n d t o a l e s s e r a d v a n t a g e t h a n n i t r a t e s , flngols, 
h o w e v e r , i n d i c a t e s t h a t t h e i n s o l u b i l i t y o f m a n g a n e s e d i o x i d e 
m a y m a k e it u n a v a i l a b l e t o b a c t e r i a . Y o s h i m u r a ( 1 0 ) r e a c h e d 
a s i m i l a r c o n c l u s i o n . M u r a t a ( 1 1 ) d e s c r i b e s t h e r e d u c t i o n 
o f m a n g a n e s e a s d u e t o t h e l o w e r e d o x i d a t i o n - r e d u c t i o n p o t e n ­
t i a l i n d u c e d b y a n a e r o b i c b a c t e r i a . W i l c o m b ( 1 2 ) a n d P u r c e l 1 
( 1 3 ) i n d i c a t e f r o m o b s e r v a t i o n s o f v a r i o u s l a k e s w h i c h c o n ­
t a i n e d m a n g a n e s e , t h a t c a r b o n d i o x i d e , a b y - p r o d u c t o f b a c ­
t e r i a l r e s p i r a t i o n , is a n i m p o r t a n t f a c t o r in t h e r e d u c t i o n 
o f m a n g a n e s e d i o x i d e . P u r c e l 1 b e l i e v e s t h a t o r g a n i c a c i d s 
m a y a l s o h a v e a n e f f e c t o n t h i s r e a c t i o n . E i n s e l e ( 1 4 ) in 
s t u d i e s o f e u t r o p h i c l a k e s , a d v a n c e s t h e t h e o r y t h a t t h e 
r e d u c t i o n o f m a n g a n e s e is p r i m a r i l y d e p e n d e n t u p o n p H . H e 
a l s o g i v e s d a t a i n d i c a t i n g t h a t h y d r o g e n s u l p h i d e h a s n o 
i m p o r t a n c e in t h e r e d u c t i o n o f m a n g a n e s e d i o x i d e e x c e p t a s 
it a f f e c t s p H . T a n a k a ( 1 5 ) , G o l d s c h m i d t ( 1 6 ) a n d S h e r m a n ( 1 7 ) 
a r e a l s o o f t h e o p i n i o n t h a t p H o f t h e s o l u t i o n is a n i m p o r ­
t a n t f a c t o r in t h e m a n g a n e s e c y c l e . 
If t h e e x a c t m e c h a n i s m o f m a n g a n e s e r e d u c t i o n w e r e 
k n o w n it m i g h t e n a b l e w a t e r w o r k s e n g i n e e r s t o p r e d i c t t h e 
o c c u r r e n c e o f m a n g a n e s e o r t o i n h i b i t i t s r e d u c t i o n in r e -
s e r v o i r s . 
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A STUDY OF THE MECHANISM OF MANGANESE REDUCTION IN 
RESERVOIRS IS COMPLEX AND CONTAINS MANY VARIABLES. THIS 
STUDY IS AN ATTEMPT TO ISOLATE A SYSTEM OF THESE VARIABLES, 
AND TO INVESTIGATE THEIR EFFECT ON MANGANESE REDUCTION. PRE­
VIOUS STUDIES BY OTHERS (8, 9» 12, 13) INDICATED THAT CARBON 
DIOXIDE IS IMPORTANT IN THE RAANGANOUS-MANGANIC CYCLE. OB­
SERVATIONS HAVE SHOWN (10) THAT THE REDUCTION OF MANGANESE 
IN RESERVOIRS OCCURS UNDER ANAEROBIC CONDITIONS. IT MAY 
BE THEREFORE, THAT THE CARBON DIOXIDE PRESENT UNDER ANAEROBIC 
CONDITIONS IN RESERVOIRS IS PRODUCED BY ANAEROBIC BACTERIAL 
ACTIVITY. SOME INVESTIGATORS BELIEVE THAT THE REDUCTION OF 
MANGANESE IS PART OF A BIOLOGICAL SYSTEM. 
THE EFFECTS OF THE GASEOUS BY-PRODUCTS OF ANAEROBIC 
BACTERIAL ACTIVITY ON THE MANGANESE CONCENTRATION IN WATER 
WERE TO BE STUDIED IN THIS EXPERIMENT. IT WAS NECESSARY TO 
ISOLATE THESE GASEOUS BY-PRODUCTS FROM THE PRODUCING MEDIUM 
SINCE THE PRODUCING MEDIUM ITSELF MIGHT HAVE AN EFFECT ON 
THE MANGANESE CONCENTRATION. 
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CHAPTER II 
INSTRUMENTATION AND EQUIPMENT 
THE EFFECT OF THE GASES OF SLUDGE DIGESTION ON THE 
SOLUBLE MANGANESE CONCENTRATION IN WATER WAS TO BE DETER­
MINED IN THIS INVESTIGATION. MEASUREMENT OF SOLUBLE MAN­
GANESE, PH AND AMOUNT OF GAS USED WAS NECESSARY IN ORDER TO 
EVALUATE THE EFFECTS OF THE GASES. 
THE APPARATUS USED FOR AN INDIVIDUAL SAMPLE IS DIA­
GRAMED IN FIGURE 1. A TWO LITER BOTTLE (A) CONTAINING A 
MIXTURE OF DIGESTED SEWAGE SLUDGE AND PROTEOSE PEPTONE WAS 
USED AS A GAS SOURCE. CONTROLS USING COMPRESSED CARBON DI­
OXIDE, NITROGEN, AND AIR WERE USED. THE GAS WAS PASSED 
THROUGH CONNECTING TUBING, THROUGH A DIFFUSER (B) INTO THE 
SAMPLE (C). THE EXCESS GAS WENT INTO A CALIBRATED COLLECTION 
TUBE (D). 
BEFORE EACH RUN THE COLLECTION TUBE, A ONE-LITER TUBE 
ABOUT THREE FEET LONG, WAS FILLED WITH WATER CONTAINING GREEN 
DYE TO INDICATE CROSS CONNECTIONS. THE WATER REMAINED IN THE 
TUBE UNTIL IT WAS DISPLACED BY GAS. WATER WAS KEPT IN THE 
TUBE BY SURFACE TENSION ON THE OUTLET TUBE (E). THIS TUBE 
WAS SMALL ENOUGH TO RESIST THE HYDROSTATIC PRESSURE IN THE 
TUBE BY SURFACE TENSION. 
CORRECTIONS COULD BE MADE FOR PRESSURE IN THE TUBE AND 
FOR VAPOR PRESSURE OF THE WATER TO ESTABLISH THE VOLUME OF 
7 




Figure 1. Diagram of Apparatus. 
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gas at standard or other condi t ions . 
The d i f f u s e r assembly (b) and sample container were 
of g lass with ground g lass connections so the d i f f u s e r as ­
sembly could be removed for cleaning or sampling. The gas 
d i f f u s e r was of f r i t t e d g l a s s . 
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CHAPTER I I I 
PROCEDURE 
The experimentation consisted of measuring daily the 
manganese content of a sample of water through which gas had 
been passed. The quantity of gas and the pH of the sample 
were measured as supplementary data. 
Manganese was determined by the persulphate method. 
The determination was done with the reagents specified in 
Standard Methods for the Exami nat ion of Water and Sewage, 
Tenth Edition (18). The only departure from the procedure 
was that only three standards were used. Each of the samples 
and each of the standards were compared col orimetrical1y. A 
Lumetron, a device which measures the depth of color electron­
ically, was used. The Lumetron was model 450 manufactured 
by the Photovolt Corporation, New York City. The optical 
densities of the solutions were measured by the Lumetron and 
a calibration curve (Figure 2) was prepared by plotting op­
tical density against concentration of known standards. The 
curve was then used to determine the manganese concentration 
in the samples. Standards of 0.25, 0.50 and 1.0 ppm were 
used. The average content of manganese in the samples was 
0.50 ppm with a maximum of 1.0 ppm. 
The quantity of gas was measured by visual observation. 
pH was measured by a Beckman glass electrode pH meter model 
10 
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H-2 m a n u f a c t u r e d by B e c k m a n I n s t r u m e n t s , I n c . , F u l l e r t o n , 
C a l i f o r n i a . T h e pH m e t e r w a s s t a n d a r d i z e d b y a pH 6 . 7 p h o s ­
p h a t e b u f f e r b e f o r e e a c h s e r i e s o f m e a s u r e m e n t s . 
T h e d a i l y t e s t p r o c e d u r e c o n s i s t e d o f r e m o v i n g t h e 
w a t e r s a m p l e , d i v i d i n g i t i n t o two 50 m i l l i l i t e r p o r t i o n s a n d 
t h e n a n a l y z i n g o n e f o r pH a n d t h e o t h e r f o r m a n g a n e s e c o n t e n t . 
T h e o n e t o be a n a l y z e d f o r m a n g a n e s e w a s f i l t e r e d t h r o u g h 
Whatman n u m b e r f o u r f i l t e r p a p e r , m a n u f a c t u r e d i n E n g l a n d . 
T h e s a m p l e v e s s e l c o n t a i n i n g m a n g a n e s e d i o x i d e w a s r e p l a c e d 
i n t h e a p p a r a t u s a f t e r 100 m l . o f b o i l e d A t l a n t a t a p w a t e r 
w a s a d d e d . T h e t a p w a t e r h a d b e e n b o i l e d f o r t e n m i n u t e s a n d 
s e a l e d a f t e r c o o l i n g . T h e f i n a l s t e p i n t h e p r o c e d u r e w a s t o 
m e a s u r e t h e g a s a n d r e f i l l t h e c o l l e c t i o n t u b e . A n o t h e r r u n 
w a s t h e n b e g u n . E x c e p t i n Run V t h e g a s w a s a l l o w e d t o 
b u b b l e t h r o u g h t h e s a m p l e f o r t w e n t y - f o u r h o u r s . 
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CHAPTER IV 
DISCUSSION OF RESULTS 
F i v e runs were made in t h i s e x p e r i m e n t a t i o n . Each 
o f these runs c o n s i s t e d o f a s e r i e s o f i n d i v i d u a l exper iments 
u s i n g the same m a t e r i a l s . The q u a n t i t i e s measured were? 
the amount o f gas u s e d , the pH o f the sample and the mangan­
ese c o n c e n t r a t i o n (see T a b l e s 1 , 2 , 3 , 4 and 5 ) . 
In Run 1 the gas p r o d u c t i o n on c o n s e c u t i v e days was 
as f o l l o w s . 300 m l , 420 m l , 320 m l , 220 m l , 400 m l , 550 m l , 
80 m l , 370 m l , 150 m l , and 300 m l . The pH o f the samples on 
c o n s e c u t i v e days were as f o l l o w s ? 5 . 2 , no r e a d i n g , 5 . 5 , no 
r e a d i n g , 6 . 2 , no r e a d i n g , 5 . 3 , 5 . 3 , 5 . 6 , and no r e a d i n g . 
The manganese c o n c e n t r a t i o n on c o n s e c u t i v e days was; none, 
0 .5 ppm, 0 . 6 ppm, 0 . 4 ppm, 0 . 3 ppm, 0 .5 ppm, 0 . 2 ppm, 0<,3 ppm, 
0 . 3 ppm, and 0 . 3 ppm. 
In Run 3 s ludge gas was bubbled through the water -
manganese sample f o r about t w e n t y - f o u r hours b e f o r e t e s t s 
were r u n . The d a i l y amount o f gas bubbled through the sam­
p l e v a r i e d ; the maximum amount was 550 ml per day f o r the 
ten days o f the r u n s . There seems to be no c o r r e l a t i o n be ­
tween the r a t e o f gas d i f f u s i o n and e i t h e r the pH or the 
s o l u b l e manganese c o n c e n t r a t i o n . The lowest pH was on the 
e i g h t h and n i n t h day o f the run when 80 and 370 ml o f g a s , 
r e s p e c t i v e l y , were p r o d u c e d . The manganese c o n c e n t r a t i o n was 
TABLE 1. SOLUBLE MANGANESE, PH, AND GAS USED FOR RUN J 
(SLUDGE GAS) 
TIME GASA MANGANESE PH (DAYS) (ML) (PPM) 
1 300 0 . 0 5 . 2 
2 420 0 .5 -
3 320 0 . 6 5 .5 
4 220 0 . 4 = 
5 400 0 . 3 6 . 2 
6 550 0 . 5 
7 80 0 . 2 5 . 3 
CO
 
370 0 . 3 5=3 
3 150 0 . 3 5 . 6 
10 300 0 . 3 
A GAS MEASURED AT APPROXIMATELY 22°C and 79 cm OF mercury 
1 4 
T a b l e 2 . S o l u b l e M a n g a n e s e , pH, a n d G a s U s e d f o r R u n U 
( c a r b o n d i o x i d e ) 
T i m e G a s a m a n g a n e s e p H 
( d a y s ) ( m l ) (ppra) 
1 180 0 .5 5 . 4 
2 850 0 .5 5 . 2 
3 740 0 . 8 4 . 6 
4 980 0 . 3 5.1 
5 900 0 .5 3 . 6 b 
a G a s m e a s u r e d a t a p p r o x i m a t e l y 2 2°C a n d 79 c m o f m e r c u r y 
k p H o f t h e s a m p l e w a s a d j u s t e d t o 3 . 9 b e f o r e t h e r u n b e g a n 
15 
Table 3 . Soluble Manganese, pH, and Gas Used for Run HE 
(nItrogen) 
Time gas manganese pH 
(days) (ml) (ppra) 
1 950 0 . 0 6 .5 
2 850 0 . 0 6 . 8 
3 620 0 . 0 7 .0 
k 830 0 . 0 7-2 
5 1000 0 . 0 5 . 6 a 
pH of the sample was adjusted to 3 -9 before run 
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T a b l e 4 . S o l u b l e M a n g a n e s e , p H , a n d Gas U s e d f o r Run . V 
( a ! r ) 
T i m e g a s m a n g a n e s e pH 
( d a y s ) ( m l ) (ppm) 
1 425 0 . 0 6 . 8 
2 720 0 . 0 6 . 8 
3 620 0 . 0 6 . 9 
4 980 0 . 0 6 . 9 
5 840 0 . 0 6 , 0 a 
pH o f t h e s a m p l e w a s a d j u s t e d t o 3 . 9 b e f o r e r u n 
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Table 5. Soluble Manganese, pH, and Gas Used for Run V 
(sludge gas) 
Time Gas manganese pH 
(days) (ml) (ppm) 
5 900 0.9 5.5 
10 2400 K0 5.2 
14 5050 K0 4.6 
pH of the sample was adjusted to 3-9 before run 
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0 . 2 ppm and 0 . 3 ppm on the eighth and ninth days. On the 
fifth day of the run, 400 ml of gas was used with a pH of 6 . 2 
and 0 . 3 ppm of manganese in the sample. On the third day of 
the run the highest manganese concentration was recorded, 0 . 6 
ppm. At this time the pH was 5 . 5 , which was higher than the 
ninth and tenth day, and lower than the fifth day. Thus, the 
third day's test had more manganese than either the fifth or 
eighth day's tests with pH and gas production bracketed be­
tween the two days. 
The variations in Run I may be because of the daily 
change in sludge gas composition. If one of the components 
of sludge gas reduces manganese then a variation in gas com­
position might result in a variation in manganese concentra­
tion. The same is true for pH. 
The results in Run 13, which used carbon dioxide gas 
instead of sludge gas were as follows: manganese concentra­
tion on consecutive days was 0 .5 ppm, 0 .5 ppm, 0 . 8 ppm, 0 . 3 
ppm, 0 .5 ppm; the pH on consecutive days was 5 . 4 , 5 . 2 , 4 . 6 9 
5 . 1 , and 3 - 6 ; the gas used on consecutive days was 180 ml, 
850 ml , 740 ml , 980 ml , 900 ml. On the last day of the run 
the pH was lowered by sulphuric acid before the daily experi­
ment was begun. 
Run U showed that reduction may be caused by carbon 
dioxide one of the principal constituents of sludge gas s The 
result of using carbon dioxide instead of sludge gas gave 
about the same quantity of soluble manganese as did sludge 
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gas. An average of about 0.5 ppm of manganese for Run I ] and 
about 0.4 ppm average for Run 1 was found. The average pH 
resulting from Run H was lower than the average pH of Run I. 
The pH in Run U seemed to have no effect on the manganese 
concentration. The largest amount of manganese was reduced 
on the third day of the run, 0.8 ppm. On this day the pH 
was 4.6, and 740 ml of gas was used. On the last day the 
manganese concentration and pH were lower, and more gas was 
used than on the third day. The manganese concentration of 
the last day was 0.5 ppm. The first day of the run had 0.5 
ppm of manganese and a pH of 5-4; 180 ml of gas was used. 
Thus the manganese concentration resulting from the use of 
carbon dioxide seems to be independent of either pH or 
amount of gas used within the limits of the run. 
Run HO used nitrogen as the gas which was diffused 
through the sample. No manganese was reduced in any of the 
tests in this run. The consecutive daily pH was 6.5, 6.8, 
7.0, 7.2, and 5.6. The consecutive daily gas used was 950 
ml, 850 ml, 620 ml, 830 ml and 1000 ml. The pH of the last 
day*s test was lowered before the test was begun. 
Run !H showed that nitrogen did not have the same 
capacity to reduce manganese as carbon dioxide did. There 
was no manganese reduction in any of the samples in Run 221. 
The pH did not seem to have any effect in this run either. 
On the last day of the run the pH was 5.6 which was lower 
than the pH at which manganese was reduced by sludge gas. 
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The highest pH at which manganese was reduced by sludge gas 
was 6 .2 . Carbon dioxide produced a pos i t i ve test when the 
pH was a r t i f i c i a l l y lowered with su lphur ic a c i d . The pH in 
Run I I . was a r t i f i c i a l l y lowered with su lphur ic ac id on the 
l as t day expressly to study pH e f f e c t s . No manganese was 
reduced. 
Run IV used a i r as the gas to be d i f fused through the 
water-manganese sample. The individual tests during the run 
produced negative resu l ts for manganese. The pH on consecu­
t i ve days was 6^8, 6 .8, 6 .9 , 6.9 and 6 .0 . The gas used on 
consecutive days was 425 ml, 720 ml, 620 ml, 980 ml and 840 ml, 
The pH of the las t day was a r t i f i c i a l l y lowered. 
Run JV was a control designed to show the importance 
of oxygen in the manganese c y c l e . Air was used. Air con­
ta ins about 78 per cent nitrogen and 21 per cent oxygen. The 
only other gas of importance to th is problem in a i r i s carbon 
d iox ide . The carbon dioxide content of a i r i s about 0.03 per 
cent . Nitrogen under low temperature and pressure i s consid­
ered chemically ine r t . Carbon dioxide w i l l contr ibute to the 
reduction of manganese as was shown in Run ID. I t would seem, 
therefore, that oxygen i n h i b i t s formation of d ivalent mangan­
ese . The pH of the manganese-water sample was lowered to 
6,0 and s t i l l no manganese was reduced. 
Run V was designed to study var ia t ion of contact time 
between manganese and sludge gas. The consecutive d a l l y gas 
readings were not taken because the d igesters of Run V and 
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Run J had identical contents. The tests were taken in Run V 
at intervals of five, ten and fourteen days. At the end of 
five days the manganese content was 0.9 ppm, the pH was 5.5 
and 900 ml of gas had been produced. At the end of ten days 
2400 ml of gas had been used and the pH was 5.2. At the end 
of fourteen days 5050 ml of gas had been used and the pH was 
4.6. The manganese content of the ten and fourteen day tests 
was 1.0 ppm. The increase of the amount of manganese as a 
fraction of time with the final values of 1.0 ppm for ten 
and fourteen days would seem to indicate a chemical reaction 
in which an equilibrium condition is reached in from ten to 
fourteen days. Figure 3 shows the one day averages plotted 
with the ten and fourteen days values of manganese concentra­
tion. The curve of Figure 3 is similar to the curve of a 
first-order reaction. 
The results show that, under the conditions of the 
experiment, manganese may be reduced as a result of carbon 
dioxide being bubbled through water in contact with reagent 
grade manganese dioxide. A reaction between tetravalent 
manganese and carbon dioxide is difficult to explain theoreti­
cally. Using the same flow-rate, sludge gas diffusion through 
the sample produces a manganous-manganic equilibrium within 
ten to fourteen days. Carbon dioxide seems to be the causa­
tive agent In the reduction of manganese dioxide by sludge 
gas because sludge gas and carbon dioxide produce almost the 
same amount of manganese under the same conditions, and carbon 
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dioxide is one of the principal constituents of sludge gas. 
The hydrogen ion concentration within the range of this ex­
periment seemed to have no effect. 
It is difficult to relate these data to lake condi­
tions. The conditions on a lake bottom do not match the 
conditions of this experiment in many respects. Rate of gas 
diffusion and concentration of the reactants are greater in 
the laboratory experiments. The time allowed for reaction, 
pH and pressure are less in the laboratory. Whether a 
change in the conditions of the experiment would change the 
quantity of manganese reduced is unknown; however, the re­
sults seem to indicate there would be some reduction of man­
ganese under reservoir conditions. 
The puzzling matter of the nature of the indicated 
reaction between manganese dioxide and carbon dioxide is 
made more complicated by the amount of impurities present in 
the manganese dioxide (see Table 6 ) . Quastel ( 8 ) , in his 
studies of the manganese reduction problem, was forced to 
manufacture manganese dioxide from potassium permanganate 
and manganous sulphate to get reproducable results. Qn the 
present study, even using pure gas and the same reactants, 
the results vary considerably. The purpose of this study 
was not to determine the mechanics of the manganese dioxide-
carbon dioxide reaction, but rather to show that such a 
reaction exists. In order to relate the reaction in the 
laboratory as closely as was possible to the reaction that 
Table 6. Impurities contained an the Manganese 
Dioxide used in all Runs 
Amount of impurities in one gram 
of manganese dioxide 







Earths and Alkalies 100 
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occurs in lake bottoms, impure manganese and water were used. 
Quastel (8 ) c a l l s the commercial manganese nothing more than 
ground-up p y r o s u l i t e . Atlanta water which was used in th is 
experiment is typical of many waters in which reduction of 
manganese occurs . Buford dam, several miles upstream from 
the Atlanta water intake, according to samples taken in the 




Manganese dioxide in contact with water can be re­
duced to the divalent state by sludge gas. 
Carbon dioxide, one of the principal constituents 
of sludge gas, will reduce manganese dioxide in contact with 
water in about the same quantities as sludge gas. 
Oxygen seems to inhibit the formation of divalent man­
ganese in water. 
The amount of manganese reduced in contact with water 
seems to have no relation to pH of the solution between the 
limits of 5.2 and 6.8 with sludge gas and 3.6 to 5.4 with 
carbon dioxide. 
The quantity of manganese reduced by sludge gas 
reaches a limit of 1 .0 ppm using the same quantities of mat­
erials and the same rate of gas production. 
The data indicates that carbon dioxide may be a fac­




F u r t h e r exper iments a r e needed to c o r r e l a t e the 
i n f o r m a t i o n g i v e n in t h i s r e s e a r c h t o a c t u a l l ake c o n d i t i o n s . 
If the re i s a c o r r e l a t i o n , then r e s e a r c h i s needed t o de ­




D A I L Y LUMETRON READINGS 
L u m e t r o n R e a d i n g s 
S t a n d a r d s U n k n o w n s 
B l a n k 0 . 2 5 0 . 5 0 1 . 0 Run I Run | I Run 1 1 1 Run IV Run V 
1-1 0 . 0 0 . 5 0 0 . 7 5 1 . 3 0 0 . 0 
1 - 2 0 . 0 0 . 5 0 0 . 8 0 1 . 3 5 0 . 7 8 - _ _ _ 
1 - 3 0 . 0 0 . 5 0 0 . 8 0 1 . 3 5 0 . 9 2 - _ _ _ 
1 - 4 0 . 0 0 . 3 0 0 . 7 4 1 . 4 5 0 . 6 0 _ _ _ _ 
l - 6 a 0 . 0 0 . 1 8 0 . 4 5 0 . 9 5 0 . 2 8 - _ _ 0 . 8 0 
1 - 8 0 . 0 0 . 1 8 0 . 4 5 0 . 9 5 0 . 5 0 _ _ _ _ 
1 - 1 0 0 . 0 0 . 1 8 0 . 4 2 0 . 9 8 0 . 1 1 _ _ _ 
1 - 1 2 0 . 0 0 . 1 9 0 . 4 5 0 . 9 5 0 . 2 5 _ _ _ 
1 - 1 4 0 . 0 0 . 1 9 0 . 4 5 0 . 9 5 0 . 2 2 _ _ _ 
1 - 1 6 0 . 0 0 . 2 1 0 . 4 5 0 . 9 5 0 . 2 5 - _ _ _ 
1 - 2 6 0 . 0 0 . 2 5 0 . 6 5 0 . 9 5 - 0 . 6 0 0 . 0 0 . 0 1 . 0 0 
1 - 2 7 0 . 0 0 . 1 6 0 . 4 5 0 . 8 8 - 0 . 5 0 0 . 0 0 . 0 _ 
1 - 2 8 0 . 0 0 . 3 0 0 . 5 5 0 . 9 0 0 . 7 5 0 . 0 0 . 0 _ 
1 - 2 9 0 . 0 0 . 3 5 0 . 4 2 0 . 8 5 - 0 . 4 0 0 . 0 0 . 0 
2 -1 0 . 0 0 . 4 0 0 . 6 2 1 . 0 8 - 0 . 6 0 0 . 0 0 . 0 
2 - 1 0 0 . 0 0 . 2 0 0 . 5 0 0 . 9 5 - •=• - - 0 . 9 5 
L i g h t b u l b r e p l a c e d i n m a c h i n e o n t h i s d a y . 
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APPENDIX I I 
Excerpts from records of the Augusta Water Plant 
15 m i les below Clark H i l l Reservoi r 
Month Temp pH Mn 
°F _ 
1953 
January 54 7.0 0 
February 55 7.0 0 
March 57 6 .9 0 
A p r i l 62 7.1 0 
May 70 7.0 0 
June 73 7.0 0 
J u l y 73 6.9 0 
August 79 6.7 0 
S e p t e m b e r 75 6.7 0.6 
October 72 6.7 0 .4 
November 61 6.9 0,2 
December 57 7.0 0.1 
1954 
January 52 7.0 0.1 
February 54 7.0 0.1 
March 55 6 .9 0.1 
A p r i l 62 7.0 0.1 
May 64 7.0 0.1 
June 72 6 .9 0.1 
J u l y 73 6 .9 0.1 
August 79 6.9 0.2 
S e p t e m b e r 79 6.8 0.5 
October 72 6.8 0 .4 
November 61 7.0 0.3 
December 54 7.0 0.1 
aMaximum of 1.0 du r ing t h i s month 
^Maximum of 0.6 dur ing t h i s month 
EXCERPTS FROM MONTHLY REPORTS ON WATER PLANT OPERATIONS 
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EXCERPTS FROM MONTHLY REPORTS ON WATER PLANT OPERATDONS 
^ r ; o n t j nued) 
E x c e r p t s from 
in M i l l e d g e v i 1 1 
r e c o r d s o f Lamar 
e , G e o r g i a , j u s t 
Ham water pi ant 
below S i n c l a i r Dam 




A v g . 
c o 2 
conten t 
A v g . 
temp 
1954 
December 5 . 0 7.1 3 55 
1955 
January 4 . 0 7.1 3 49 
February 3 . 2 6 . 9 3 49 
March 2 . 0 6 . 6 5 53 
Apr i 1 2 .5 6 . 6 6 58 
a M a y 4 . 7 6 . 6 6 78 
June 5 . 9 6 . 5 8 72 
J u l y 5 .3 6 . 6 8 78 
August 11 .9 6 . 6 8 79 
September 10 .9 6 . 6 8 78 
" O c t o b e r 10.0 6 . 6 8 72 
November 6 . 7 6 . 8 5 60 
December 6 . 4 6 . 9 4 52 
1956 
Janua ry 6 . 5 6 . 9 4 51 
February 7.6 6 . 9 4 52 
March 6 .1 6 . 7 4 56 
Apr i 1 1 .9 6 . 6 4 61 
May 1 .6 6 .5 4 67 
June 1 .1 6 . 4 5 68 
^ J u l y 5 .1 6 . 4 13 71 
d A u g u s t 8 . 4 6 . 5 10 76 
Manganese began about May 27; a t t h i s t ime the temperature 
was 7 1 ° . 
^Manganese stopped about October 17; a t t h i s t ime the temp­
e r a t u r e was 70° . 
c Manganese began about J u l y 12; a t t h i s t ime the temperature 
was 70° . 
^Manganese c o n t i n u e d past September 14th when these r e c o r d s 




L i terature C i ted 
1. Ingols, R. S., "Copper Sulphate Aids in Manganese Removal," 
Water and Sewage Works, 103 (1956), 248. 
2. Babbitt, H. E., and J. J. Ooland, Water Supply Engineer­
ing, Fifth Edition, New York, McGraw-Hi11 Book Company, 
Inc., 1955, 530. 
3. Technical Association of the Pulp and Paper Industry, 
"Specification for Chemical Composition of Process Water 
for Fine Paper Manufacture," T.A.P.P.I. Standards, E-600, 
New York, The Association, 194b. 
4. United States Public Health Service, Drinking Water Stan­
dards, Washington, Government Printing Office, 194b. 
5- Georgia Department of Public Health, Month!y Reports on 
Water Plant Operations, 1954, 55, 56, unpublished reports. 
6. Goldschmidt, V. M., Geochemi stry, First Edition, Oxford 
Press, 1954, 625. 
7. Churchill, M. A., "Effect of Density Currents Upon Raw 
Water Quality," Journal of the American Water Works 
Association, 39 (1947), 357. 
8. Hochster, R. M., and J. H. Quastel, "Manganese Dioxide 
as a Terminal Hydrogen Acceptor in the Study of Respira­
tory Systems," Archives of Biochemistry and Biophysics, 
136 (1952), 132": 
9. Mann, P. J. G., and J H. Quastel, "Manganese Metabolism 
in Soils," Nature, 158 (1946), 154. 
10. Yoshimura, S., "Seasonal Variation of Iron and Manganese 
in the Water at Takasuka-Numa, Saitama," Japan Journal 
of Geology, 8 (1931), 269. 
11. Murata, K- J., "Exchangable Manganese in River and Ocean 
Muds," American Journal of Science, 237 (1939), 725. 
12. Will comb, G. E., "Coagulation of Soft Waters with Iron 
Salts," Journal of the American Water Works Association, 
31 ( 1 9 3 9 T 7 7 ^ 
34 
13. Purcel1, L. T., "The Aging of Reservoir Waters," Journal 
of the American Water Works Association, 31 (193971 1775. 
14. Einsele, W., "Versuch einer Theorie der Dynamik der Mangan-
und Eisenschicntung im Eutrophen See," Naturwisshaften, 28 
(1940), 280. 
15. Tanaka, I. M., "Manganese Content of Natural Waters," 
Journal of the Chemical Society of Japan, Pure Chemistry 
Section, 7 2 (1951), 29, (written in Japanese). 
16. Goldschmidt, 0p> CTt. , 635. 
17. Sherman, G. D., and P. M. Harmer, "The Manganous-Manganic 
Equilibrium of Soils," Soil Science Society of America 
Proceedings, ]_ (1942), "338". 
18. Standard Methods for the Examination of Water and Sewage, 
Tenth Edition. New York, American Public Health Associa-
tion, 1955, 140. 
Other References 
Welch, P. S., Limnology, First Edition, New York, McGraw 
Hill Book Company, Inc., 1935, 53-55. 
Nordel1, E., Water Treatment for Industrial Uses, First 
Ed i t i on, New York, Reinhold Publishing Corporation, 1951, 
334. 
Steel, E. W., Water Supply and Sewerage, Third Edition, 
New York, McGraw-Hill Book Company, Inc., 1953, 201. 
Ibid., 285. 
